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Fundamental study of the anodic and cathodic reactions
during the electrolysis of a lithium carbonate—lithium
chloride melt using a carbon anode
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Cyclic voltammetry, in conjunction with the chromatographic analysis of the anode product, has been
used to elucidate the reactions occurring during the electrolysis of lithium carbonate—lithium chloride
melts. At a carbonate ion concentration of 0.033 mole fraction the peak anodic current densities were
3100 Am™2 on vitreous carbon and 6900 Am~2 on graphite with the product being carbon dioxide.
The cathodic reduction of carbonate at low concentrations was found to occur at —1.0V to —1.2V
vs a Ag/Ag(1) reference electrode which is 1.2V less negative than the potential at which lithium
1ons were reduced. Voltammetric studies of the reduction of the carbonate ion indicated that the

reaction mechanism involved an irreversible charge transfer.

1. Introduction

Lithium is produced by the electrolysis of molten
lithium chloride—potassium chloride electrolyte at a
temperature of 730-770K [1-6]. The cells operate at
6-9V, with current efficiencies of 90%, based on
metal recovery which results in an energy require-
ment of 35-40kWh kg_1 {2, 5, 6]. The production of
anhydrous lithium chloride is an energy intensive
and expensive process involving the reaction of
lithium carbonate with hydrochloric acid and heating
the resulting solution above 368 K, where anhydrous
lithium chloride crystallizes [7]. The direct feeding of
lithium carbonate, which is not hygroscopic, to a
cell would remove the energy intensive step and
simplify the handling of the feed material. Further-
more, corrosion resistant equipment needed to trans-
port, purify, compress, and store chlorine gas might
no longer be needed and this would offer both
economic and environmental benefits. Thieler [8],
Sintim—Damoa [9] and Kruesi and Fray [10] have
shown that it is feasible to feed lithium carbonate to
a conventional electrolyte and produce lithium at
the cathode and carbon dioxide at the anode.

Chloride and carbonate-chloride mixtures form low
melting eutectics [11] and, in solution, the carbonate
ion dissociates according to the equilibrium

CO3 (1) = COy(g) + O () (1)

Determination of the dissociation constant for lithium
carbonate shows that the degree of dissociation is
slight below 1000K [12, 13]. The working potential
range of LiCl-K (Il eutectic melts, as measured with
a Ag/Ag(1) reference electrode, is +1.033V where
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chlorine gas is evolved, and —2.543 V where lithium
metal deposits [14]. The working potential range of
Li,CO;—K,CO; melts, as measured with a CO,,
0,/C reference electrode, is +0.2'V where the anodic
reaction

COY (1) = CO,(g) +40a(g) + 2~ (2)

occurs at an inert electrode to —1.8 to —2.0V where
the reaction

CO% (1) + 4e~ = C(s) + 30> (1) (3)

occurs [14, 15].

Cathodic reduction processes in carbonate melts
have been studied by a number of authors because
of their importance in molten fuel cell technology
[16-20]. This work has shown that alkali metal is
deposited from binary melts consisting of sodium
and potassium carbonate, however, melts which con-
tained lithium carbonate always resulted in deposition
of carbon by Reaction 3. It is, therefore, possible that
electrowinning from mixed carbonate—chloride melts
may be complicated because carbonate ion reduction
will compete with lithium ion reduction.

The electrochemical oxidation of carbon anodes,
manufactured from various coals, was investigated
in ternary lithium, sodium and potassium carbonate
by Weaver and Nanis [21]. The primary anode
product was carbon dioxide via the reaction

C(s) +2C03™ = 3CO,(g) +4e” 4)
Thermodynamically, Reaction 4 is preferred to

2C1 (1) = Chy(g) + 26~ (5)
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but in mixed carbonate—chloride melts, this needs to
be confirmed.

Overall, it should be possible to electrowin lithium
from carbonate—chloride melts with CO, being
evolved at a carbon anode but, as the potentials of
the various competing reactions are relatively close,
the precise reactions need to be identified.

2. Voltammetric studies of the anode and cathode
reactions

The potential-current—time characteristics of a steel
electrode, a vitreous carbon electrode, and a graphite
electrode in the LiCl-KCl background electrolyte and
at various carbonate ion concentrations was studied
at 798—803 K using cyclic voltammetry. A Princeton
Applied Research (PAR) model 273 potentiostat,
interfaced with an Amstrad PC 1640HD20 computer
was used to control the cell parameters and to collect
the data. The computer directed the potentiostat using
EG&Gs Headstart [18] software.

The electrochemical cells were housed in a mullite
reaction vessel which held an alumina crucibie
(7.4cm i.d., 15cm height) containing about 240 g of
LiCl-KCl eutectic. The working and reference elec-
trodes were suspended in the bulk of the melt,
together with a thermocouple, and a quartz tube
through which gas was bubbled into the melt. The
counter electrode was housed in an alumina tube
with a small (0.1cm diameter) hole in its bottom
which allowed flow of current but prevented the
mixing of the anodic and cathodic products. Argon
(dried through a column of Mg (ClOy),) was
circulated over the counter electrode. The apparatus
is shown schematically in Fig. 1.

Prior to measuring the voltammograms, the LiCl-
KCl melt was purified by electrolysis at 0.3 A for
1-2h using the counter electrode and a removable
auxiliary electrode. The lithium carbonate, which
was added to the electrolyte, was dried for 2h in
carbon dioxide at 573 K.

Reference electrode

Fig. 1. Diagram showing the arrangement of the electrodes
in the CV measurements.

2.1. Cathodic reactions

Cyclic voltammograms of a mild steel (3.9cmx
0.65cm) plate in the electrolyte were measured
using a Li-Al (10.8wt% Li) reference electrode,
a Ag/Ag() ([AgCl] = 0.4mole fraction) reference
electrode and a graphite counter electrode. The
working electrode potential values were swept
negatively to —0.6V vs the Li—Al electrode and
—2.6V vs the Ag/Ag(1) electrode at rates of 50,200
and 400mVs~!. Voltammograms were collected
from the purified electrolyte and at two carbonate
ion concentrations after the addition of lithium
carbonate.

2.2. Anodic reactions

A holder for the vitreous carbon plate was machined
out of boron nitride to define the working surface
area of the vitreous carbon as 1.06cm?. Similarly,
an alumina tube was cut to expose an area of graphite
rod equal to 0.873 cm?.

Electrical connections with the vitreous carbon
was made by attaching a 0.5mm platinum wire,
using a stainless steel nut and bolt, which was
protected from corrosive salt vapours by cement-
ing a quartz bell to the top of the boron nitride
holder. Prior to use, the surface of the vitreous
carbon was polished to a mirror finish using silicon
carbide paper. Electrical connection with the
graphite rod was made by threading a mild steel
rod into the graphite. Cyclic voltammograms of
the vitreous carbon and graphite working elec-
trodes were collected using a Ag/Ag(l) reference
electrode and a mild steel counter electrode. The
working electrode potential was swept positively
through 0.6V vs Ag/Ag(i) at rates between 10
and 400mVs~!. Generally, two or three potential
sweeps were made before recording a voltam-
mogram in order to condition the electrode
surface.
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Fig. 2. CVs on a steel electrode in the background electrolyte at
mole fractions of carbonate ion of () 0, (0) 0.0006 and (») 0.0018.

The voltammograms from the purified LiCl-KCl
electrolyte were obtained while dry argon was
+ bubbled through the melt. The argon was replaced
by dry carbon dioxide before the addition of lithium
carbonate to the melt.

3. Results and discussion
3.1. Cathodic cyclic voltammetry

Cyclic voltammetry was used to identify the effect of
the carbonate ion concentration on the current
density—potential be.aviour of the cathode reaction
at a steel cathode. Voltammograms were obtained
using both a Li-Al reference electrode and a Ag/
Ag() reference electrode. A potential value of
—0.55V vs Li~Al corresponded to a potential of
—2.4V vs Ag/Ag(1) at 800K which is in reasonable
agreement with previous work [14]. For consistency,
all values are reported against the Ag/Ag(1) reference.

Voltammograms for the background electrolyte
(LiCI-KCl eutectic) and at two carbonate ion concen-
trations are shown in Fig. 2. The voltammogram
for the background electrolyte shows a sharp rise in
current density between —2.2 to —2.6'V vs Ag/Ag(1),
which is in good agreement with the published data
for the deposition of lithium. The large anodic
peak on the reverse scan is due to the dissolution of
the lithium deposited during the forward scan.
The shape of the lithium deposition curve differs
slightly from those found in the literature in that the
reverse scan does not cross over the forward scan.
This is usually attributed to the overpotential for
nucleation in the forward scan and may not have
occurred in this work due to sodium deposition,
present as an impurity in the electrolyte, at lower
potential which can act as a nucleation site for the
lithium.

In the presence of carbonate there is an increase in
current density at—1.0to —1.2 V vs Ag/Ag(1). This can
be seen more clearly in Fig. 3, where the current
densities, due to reduction of the carbonate ion, are
resolved by subtracting the background current
density from the current density in the presence of
the carbonate ion. The results indicate that carbonate

Current density / A m™2

-3 -2 -1 0
Evs Ag/Ag ()/V

Fig. 3. Resolved current densities of a steel electrode at mole
fractions of carbonate ion of (e) 0.0006 and (=) 0.0018.

ion reduction occurs at much less negative potentials
than lithium ion reduction and the peak current
density is obviously proportional to the carbonate
ion concentration. The less negative potential is
contrary to the published similarity in the reduction
potentials of lithium ions and carbonate ions in pure
carbonates [15].
The reduction reaction is

CO3 (1) +4e™ = () + 307" (e) (6)
and the appropriate Nernst equation is
3
- g0 (BTY, %la0m) (7)
4F aCOSz-

where E is the potential, E® is the potential when
all the species are in their standard states, R is
the gas constant, T is the temperature, F is Faraday’s
constant and a is the activity of the given component.
The activity of carbon can be taken as unity, aco2-
will be less than unity and if the carbonate ion is
only slightly dissociated ag2- will be much less than
unity making the second term on the RHS of the
equation positive, thereby reducing the potential at
which cathodic reduction occurs. It can, therefore,
be concluded that the carbonate ion undergoes little
dissociation in the melt.

It is evident, from the much smaller galvanic
current peaks on the reverse scans with carbonate
ion present, that either less lithium was deposited
due to the reduction of carbonate ion and/or some
of the lithium has undergone chemical reaction
with the carbonate ion. The lack of a reverse peak
associated with the carbonate ion reduction suggests
that this is an irreversible reaction with either an
irreversible charge transfer or with coupled chemical
reactions which limit the reaction rate.

To explore the nature of the reaction mechanism,
voltammogams were obtained at three sweep rates
with a carbonate ion concentration of 0.0018 mole
fraction. The resolved current densities of the for-
ward sweeps are shown in Fig. 4.

The two peaks in Fig. 3 can perhaps be attributed
to two separate electron transfer steps in the reduction
of the carbonate to carbon reaction. The electron
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Fig. 4. Resolved current densities on a steel electrode at three
potential scan rates with a carbonate ion concentration of 0.0018
mole fraction: (&) 50, (&) 200 and (m) 400mVs~.

transfer of the second (more negative) peak appears to
be dependent on the rate of a slow intermediate
chemical reaction because as the scan rate is
increased the second peak diminishes (Fig. 4). Thus,
at faster scan rates, the concentration of reactant in
the second reaction is small, leading to a smaller
peak. The first reaction is perhaps the reduction of
carbonate ion to carbon monoxide or a carbon sub-
oxide which upon further reduction, is converted to
carbon.

For an irreversible charge transfer reaction, the
equation for the rate of carbonate ion transport
(assuming the transport is due entirely to diffusion)
is given by Fick’s second law:

6 CCO 2— 62 Cco2—
5t = —Dcog- (_"‘—3 (8)

8x

where Ccoz- is the concentration of the carbonate
ion, 7 is the time, Deor- is the diffusion coefficient of
carbonate ion in the melt, and x is the diffusion dis-
tance. The solution to Fick’s second law with the
boundary conditions appropriate for an irreversible
charge transfer gives an equation for the current den-
sity / of the form [22]

an,F Y2/ om, F
[ =nFCeoz- ( R;’ Dco;-V) X< R;" (E; — E))
©)

where n is the charge transferred, F is Faraday’s con-
stant, Ccoz- is the bulk concentration of carbonate
ion, a is the transfer coefficient. n, is the number of
electrons transferred up to and including the rate
determining step, v is the potential scan rate, x
represents an integral function which is solvable for
particular potential values, E; is the initial potential
of the electrode as measured by the reference
electrode and E is the potential at current 7. The
solution to this equation for the peak current density
(ip) from the tabulated solution [23, 24] of the integral
function is

i = 0.287r1/2nFCCOSz_ (O‘% DCo- ,,) (10)

From Equation 10 it can be seen that a plot of ipy"l/ 2

against v gives a very sensitive indication of the
relationship of the peak current density to the scan
rate. It was found that ipu_l/ 2 is very nearly constant
over the range of scans at the carbonate ion concen-
tration of 0.0018 mole fraction, which agrees with
the model for an irreversible charge transfer limited
reaction. It was also found that the potential at which
the peak current density is reached shifts to slightly
more negative values with increasing scan rate. This
is also consistent with an irreversible charge transfer
reaction.

The kinetic parameter, an,, can be determined from
the shape of the reduced current density curves using
the equation [22]

RT
an,

E, -~ Ey;p = —1.857 (1)
where E, is the peak potential and E,; is the half peak
potential. The values, for the data in Fig. 7, are given
in Table 1, together with the calculated values of an,.

If n,, the number of electrons transferred up to
and including the rate limiting step, is four then the
transfer coefficient () is approximately 0.13-0.14.
This low transfer coefficient indicates that con-
siderable overvoltage must be applied in order to
achieve high current densities due to the reduction
of the carbonate ion. However, considering that the
reduction of carbonate ions occurs at much less
negative potentials than lithium ion reduction in
the lithium chloride—potassium chloride melt it is
likely that in the electrowinning cell there will be a
large cathodic overvoltage relative to carbonate ion
reduction. Thus, in dilute solution, the rate of
carbonate ion reduction will be limited by the
transport of the carbonate ion.

3.2. Anodic cyclic voltammetry

Cyclic voltammograms from a planar vitreous
carbon electrode with carbonate ion concentrations
ranging from 0 to 0.0333mole fraction were
obtained. The voltammograms were made at a
sweep rate of 50mVs~'. The resolved current
densities due to the reaction of the carbonate ion
with the electrode were obtained by subtracting
the current density of the background electrolyte
from the current density obtained with carbonate
ion present. The resolved current densities are
shown in Fig. 5. Similarly, voltammograms and
resolved current densities for a section of a graphite

Table 1. Peak and half-peak potentials for the reduction of carbonate
ion

E, IV Eypn/V y/mVs™! o,
~1.55 -1.38 50 0.74
-1.70 —-1.47 200 0.55
-1.75 —1.52 400 0.56




1106

W. H. KRUESI AND D. J. FRAY

4000

-2

3000 1

N
[
(=3
o
1

10001

Current density / A m

0 1
Evs Ag/Ag (I)/V

Fig. 5. Resolved current densities on a vitreous carbon electrode at
five mole fractions of carbonate ion. Mole fractions: (m) 0.033, (s)
0.016, (@) 0.0041, (m) 0.0023 and () 0.00061.

rod electrode, under the same conditions, are shown
in Fig. 6.

The cyclic voltammogram of the background
electrolyte (carbonate concentration equal to zero)
showed that the potential at which current arises
due to the oxidation of chloride ions was +1.17V
vs Ag/Ag(l) on vitreous carbon and 1.08V on
graphite, which is in good agreement with the
literature value of +1.033V [14]. Over the potential
range and sweep speed, the current density, due to
the oxidation of chioride ions, increased linearly
with potential on both vitreous carbon and graphite,
indicating that the kinetics of chloride oxidation are
fast.

The shape of the reverse sweep of the back-
ground electrolyte on the vitreous carbon electrode
indicated that the chlorine produced on the forward
sweep did not remain on the smooth surface of the
electrode because there was no appreciable cathodic
current due to chlorine reduction. However, the
cathodic peak on the reverse sweep of the back-
ground electrolyte on graphite indicated that there
was an appreciable amount of chlorine, produced
during the forward sweep, which resided on the
surface and in the pores of the graphite and was
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Fig. 6. Cyclic voltammograms on a graphite electrode for the back-
ground electrolyte and at five mole fractions of carbonate ion. Mole
fractions: () 0.033, (0) 0.016, (A) 0.0041, (x) 0.0023, (*) 0.00061
and (v) 0.

reduced during the reverse sweep giving rise to a
cathodic current peak.

As the carbonate ion concentration in the melt
was increased a reaction gave rise to a current density,
at less positive potentials than the chloride ion
oxidation, which was highly dependent on the
carbonate ion concentration. The peak current
densities are plotted against the carbonate ion concen-
tration for both graphite and vitreous carbon in
Fig. 7. It is concluded that up to the peak current
density the anode reaction proceeded primarily
according to Equation 4 and above the peak current
density the anode reaction proceeded as a mixture of
the above reaction and Reaction 5.

The extrapolated maximum current densities for
the mixed reactions on graphite and vitreous carbon
are shown in Fig. 8. For carbonate ion concen-
trations in the range of 0.016 and 0.033mole
fraction, current densities as high as 14000 A m ™2 may
be achieved on graphite. The peak current densities
obtained on a graphite electrode were much higher
than those obtained on a vitreous carbon anode at
carbonate ion concentrations of 0.016 mole fraction
and above which suggests that the reaction of the
carbonate ion with the carbon of the anode is
catalyzed on graphite compared to vitreous carbon.
However, although there may be some catalytic effect
on graphite, the real surface area of the graphite is
uncertain and was probably considerably greater
than the apparent surface, especially after oxidation.

3.3. Effects of the scan rate on the anodic reaction

The effect of the potential scan rate on the current
density at vitreous carbon and graphite electrodes
was measured to gain insight into the reaction
mechanism. Cyclic voltammograms of the vitreous
carbon oxide at three scan rates with a carbonate
ion concentration of 0.0003 showed that the most
positive potential value reached in these scans was
below the peak potential value so that, at no time,
was the anodic reaction the oxidation of chloride ions.

It is evident from the reverse sweeps, there was no
reverse (cathodic) current which suggest that the
anode Reaction 4 is irreversible. Considering that

~ 6000
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Carbonate ion conc. (mole fraction)

0.03

Fig. 7. Relation of the peak current density on graphite and vitreous
carbon electrodes to the carbonate ion concentrations. {0) V.C. (0)
graphite, (+) cell 2-1, (x) cell 2-2, (m) cell 2-3, (A) cell 5-1, (o) cell
6—3 and (v) cell 7-3.
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Table 2. Peak current densities and corresponding potentials for vitreous carbon

[CP}~ Jimole fraction E IV ip/Am~ ymvs™ i M Am 2 mv 25712
0.00061 0.972 141.5 50 200
0.00061 1.012 254.7 200 18.0
0.00061 1.053 367.9 400 18.4
0.0023 1.092 547.1 50 77.4
0.0041 1.172 1179 50 167
0.0041 1.172 1302 200 92.1
0.0041 1.172 1396 400 69.8
0.016 1.252 2651 50 375
0.033 1.252 3141 50 444
0.033 1.252 3311 200 234
0.033 1.252 3405 400 170

Reaction 4 involves a multiple electron transfer, the
dissociation of the carbonate ion, either in the bulk
of the melt or at the electrode surface, and the
reaction with the anode material resulting in its con-
sumption it is likely that the overall reaction consists
of a large number of steps any one of which may be
rate determining.

The peak current densities and the corresponding
potentials for vitreous carbon are shown in Table 2.
Using Equation 10 it was found that the relation of
the peak current density to the square root of
the scan rate at low carbonate concentrations
(0.0061 mole fraction) was very nearly constant over
the scan rate range for both vitreous carbon and
graphite. This is in excellent agreement with the
results of Seon et al. [25] who concluded that because
of the agreement of the data with that predicted for
irreversible electron transfer the dissociation of the
carbonate ion does not limit the reaction rate, and
Reaction 4 was an irreversible electron transfer
reaction. This mechanism also agrees with the near
linear increase of peak current density with carbonate
ion concentration at low carbonate ion concentration.

Values of an,, derived from the application of
Equation 11 to the data at the carbonate ion concen-
tration of 0.00061 mole fraction on vitreous carbon
and graphite are presented in Table 3.

18000 Graphite
14000 A7
€ a
< ; o
210000
c Dy
m .
T 6000 :
cC
o
3 2000

Vitreous carbon

0.8 2.4

. 1.6
Evs Ag/Ag (W/V

Fig. 8. CVs on vitreous carbon and graphite electrodes for the
background electrolyte at two carbonate ion concentrations (0.016
and 0.033 mole fractions) show up the extrapolated highest current
densities for the mixed reactions.

If n, is two, the transfer coefficient is 0.28—0.24,
which is in very good agreement with the value of
0.27 found by Seon and coworkers [25]. Again,
similar to the reduction of carbonate ion, the transfer
coeflicient for reaction is relatively low indicating that
large overvoltages must be applied to achieve high
current densities.

At high carbonate ion concentrations, v~
decreased with increasing scan rate which may be
due to the fact that as the carbonate ion concen-
tration increases it begins to carry a higher
proportion of the ionic current and the effects of
migration of the carbonate ion may influence the
current density. Another possibility is that at higher
carbonate ion concentrations the rate of the chemical
reaction step in the overall reaction becomes rate
determining. At low carbonate ion concentration
and low current densities, the anode surface may not
be saturated with surface oxides, whereas at high
carbonate ion concentration and high current
densities the surface may be saturated with surface
oxides and the chemical reaction involving the
desorption of carbon dioxide may limit the overall
reaction rate.

It is interesting to compare these observations
with those made from studies of the anode reaction
in aluminium smelting. Various authors [26-28]
have proposed that the anode current is limited
by a chemical reaction: most likely the desorption of
the oxide species. However, Welch and coworkers
[29] proposed that the electron transfer step is
rate  determining. For irreversible electrode
processes, limited by electron transfer or by a
chemical reaction, the current-potential behaviour is
very similar.

1/2

Table 3. Kinetic parameters for the anodic reaction of carbonate ion
(0.000 61 mole fraction) with vitreous carbon and graphite

Vitreous carbon - Graphite

*Eyp/V yjmvs™! an, Epp/V y/mVs™! an,
0.752 50 0.582  0.353 50 0.494
0.762 200 0.520  0.501 200 0.554
0.784 400 0.480  0.507 400 0.483

* E,, is the half-peak potential
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4. Conclusions

The cathodic reduction of carbonate ions at low
concentrations was found to occur at —1.0V to
—1.2V vs Ag/Ag(1) which is 1.2V less negative than
the potential at which lithium ions reduced. Voltam-
metric studies of the reduction of carbonate ion
indicated that the reaction mechanism involves an
irreversible charge transfer. The large cathodic
overvoltage, relative to the carbonate ion reduction,
that will be present in a lithium electrowinning cell
means that, for efficient electrowinning, the supply
of carbonate ions to the cathode must be restricted.

It was found that the carbonate ion in a LiCl-KCl
eutectic melt reacts with the carbon anode at less
positive potentials than chloride ion oxidation.

Cyclic voltammetry studies of the anodic reaction
identified the maximum or peak current densities
due to the reaction of carbonate ion with vitreous
carbon and graphite anodes. With a carbonate ion
concentration of 0.033 mole fraction the steady state
peak current densities were 3100 Am™2 on vitreous
carbon and 6900 Am~2 on graphite. The increase in
the peak current density with increasing carbonate
ion concentrations was largest and nearly linear in
the range of 0.00061 to 0.016 mole fraction.

At carbonate ion concentrations greater than
0.016mole fraction, the peak current density
increased at a much slower rate with increasing
carbonate ion concentration.

The dependence of the current density due to the
reaction of the carbonate ion with vitreous carbon
and graphite on the potential scan rate was consistent
with an irreversible charge transfer controlled mechan-
ism at a carbonate ion concentration of 0.000 61 mole
fraction. A transfer coefficient of 0.29-0.24 was calcu-
lated assuming the number of electrons transferred up
to and including the rate determining step was two. The
low transfer coefficient indicates the reaction requires
large overvoltages in order to achieve high current den-
sities. At higher carbonate ion concentrations the cur-
rent density—potential scan rate behaviour was
consistent with a reaction controlied mechanism.
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